Gammaherpesviruses are known to establish latency in lymphocytes and are associated with tumorigenesis (5-7, 10, 48). Two important human pathogens in the gammaherpesvirus subfamily of herpesviruses are Kaposi's sarcoma-associated herpesvirus (KSHV [also referred to as HHV-8]) and EpsteinBarr virus (EBV). KSHV and EBV are associated with several malignancies, including B-cell lymphomas, nasopharyngeal carcinoma, and Kaposi's sarcoma (22, 23, 27, 30, 32) . Studies of KSHV and EBV are limited by the lack of cell lines able to support efficient productive infection and by the restricted host ranges of the viruses (11, 33). Murine gammaherpesvirus 68 (MHV-68 [also referred to as ␥HV68]) is another member of the gammaherpesvirus subfamily. However, in vitro cell culture systems are available to study productive de novo infection by MHV-68, as well as latency and reactivation (34, 40). MHV-68 forms plaques on monolayers of many cell lines, making it possible to genetically manipulate the viral genome. MHV-68 establishes lytic and latent infections in laboratory mice (47), providing a system for examining host-virus interactions (24, 25, 36, 42, 43) . These characteristics of MHV-68 make it possible to examine the functions of individual viral genes at various points during the viral life cycle, including de novo infection. De novo infection analyses have not been possible for other gammaherpesviruses such as EBV and KSHV.
Gammaherpesviruses are known to establish latency in lymphocytes and are associated with tumorigenesis (5-7, 10, 48) . Two important human pathogens in the gammaherpesvirus subfamily of herpesviruses are Kaposi's sarcoma-associated herpesvirus (KSHV [also referred to as HHV-8]) and EpsteinBarr virus (EBV). KSHV and EBV are associated with several malignancies, including B-cell lymphomas, nasopharyngeal carcinoma, and Kaposi's sarcoma (22, 23, 27, 30, 32) . Studies of KSHV and EBV are limited by the lack of cell lines able to support efficient productive infection and by the restricted host ranges of the viruses (11, 33) . Murine gammaherpesvirus 68 (MHV-68 [also referred to as ␥HV68]) is another member of the gammaherpesvirus subfamily. However, in vitro cell culture systems are available to study productive de novo infection by MHV-68, as well as latency and reactivation (34, 40) . MHV-68 forms plaques on monolayers of many cell lines, making it possible to genetically manipulate the viral genome. MHV-68 establishes lytic and latent infections in laboratory mice (47) , providing a system for examining host-virus interactions (24, 25, 36, 42, 43) . These characteristics of MHV-68 make it possible to examine the functions of individual viral genes at various points during the viral life cycle, including de novo infection. De novo infection analyses have not been possible for other gammaherpesviruses such as EBV and KSHV.
Herpesviruses have two distinct life cycle phases, latency and lytic replication. Reactivation from latency to lytic replication is essential for transmission of the virus from host to host and thus is one important aspect of herpesvirus biology. A viral protein, replication and transcription activator (RTA) is primarily encoded by open reading frame (ORF) 50, which is well conserved among gammaherpesviruses. RTA is necessary and sufficient to reactivate MHV-68 and drive the lytic cycle to completion in latently infected B cells (14, 19, 54, 55) . Similarly, KSHV RTA has been shown to be sufficient to reactivate the virus from latently infected B cells derived from KSHVassociated lymphomas (20, 46) . Although two EBV proteins, RTA and ZEBRA, function in a cooperative manner to reactivate the viral lytic cycle (3, 18, 21) , RTA alone can disrupt latency in some latently infected cell lines (31, 56) . These studies indicate that RTA of gammaherpesviruses plays a conserved role in virus reactivation.
We have constructed custom membrane arrays representing nearly all of the known and predicted MHV-68 ORFs to explore the patterns of viral gene expression. To illustrate the value of genome-wide transcription analysis, we used the MHV-68 DNA arrays to identify a novel regulatory element for a specific gene, to identify latency-associated transcripts not previously recognized, and to define the genome-wide effects of a specific genetic manipulation.
MATERIALS AND METHODS

Viruses and cells. MHV-68 was originally obtained from the American Type
Culture Collection (VR1465). The virus referred to as the parental virus is a recombinant EGFP/MHV-68 (tw25) constructed by insertion of the human cytomegalovirus (HCMV) promoter-driven EGFP cassette at the left of the MHV-68 genome (54) . The C-RTA/MHV-68 virus was constructed by replacing the HCMV promoter-driven enhanced green fluorescent protein (EGFP) cassette with an HCMV promoter-driven RTA cassette (Tammy Rickabaugh, manuscript in progress). Viral stocks of wild-type (wt) MHV-68, EGFP/MHV-68, and C-RTA/MHV-68 were prepared as previously described (55) . To infect BHK-21 cells, the viral inoculum in Dulbecco modified Eagle medium was incubated with cells for 1 h with occasional swirling. The inoculum was removed and replaced with fresh Dulbecco modified Eagle medium plus 10% fetal bovine serum. For the experiments involving cycloheximide (CHX; Sigma, St. Louis, Mo.), cells were treated at a concentration of 200 or 400 g/ml 1 h prior to, during, and after viral inoculation until RNA was harvested. For the experiments with phosphonoacetic acid (PAA; Sigma), cells were treated at a concentration of 200 or 400 g/ml after viral inoculation until RNA was harvested. For the experiments of infected lung tissue, BALB/c mice were inoculated intranasally with 5 ϫ 10 5 PFU. Total RNA was harvested from the lungs of two mice at 1, 3, 5, and 7 days postinfection (dpi).
DNA array construction and probe hybridization. Primers were designed to amplify ϳ1-kb regions of DNA sequence from the 5Ј end of known MHV-68 ORFs. Similarly, primers were designed to amplify ϳ1-kb regions from the 3Ј end of MHV-68 ORFs that are Ͼ2 kb in length (ORF 6, ORF 8, ORF 9, ORF 25, ORF 44, ORF 56, ORF 64, ORF 75a, ORF 75b, and ORF 75c). Moreover, primers were chosen to amplify a sequence from the murine cellular GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene which was used as a control. Each array element was cloned into pCRII by using the TA cloning kit (Stratagene, La Jolla, Calif.) according to the manufacturer's protocol. Common vector primers were designed to amplify the cloned array elements. The PCR products were isopropanol precipitated and resuspended in water at 100 ng/l. Approximately 20 ng of DNA was spotted in quadruplicate on Hybond-N membrane (Amersham, Piscataway, N.J.) by using a replication system (Nalge Nunc International, Rochester, N.Y.). The DNA on the arrays was denatured for 5 min (0.5 M NaOH, 1.5 M NaCl), neutralized for 5 min (0.5 M Tris [pH 7.5], 1.5 M NaCl), submerged in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 5 min, and UV cross-linked to the membrane (Stratalinker). The quality of array element spotting was determined by the hybridization of a 32 P-labeled oligonucleotide probe specific for the common primer sequence present at the ends of the PCR products. The oligonucleotide probe was end labeled with [␥-32 P]ATP (Perkin-Elmer Life Sciences, Boston, Mass.) by using T4 polynucleotide kinase (Promega, Madison, Wis.) and purified by using a G25 spin column. The arrays were preincubated for 4 h in hybridization buffer (0.1 M K 2 HPO 4 [pH 6.8], 7% sodium dodecyl sulfate [SDS], 1% bovine serum albumin, 1 mM EDTA) at 50°C. The labeled oligonucleotide was hybridized to the arrays for 15 h at 50°C in 10 ml of hybridization buffer. The arrays were washed twice for 15 min each time at 50°C in wash buffer I (40 mM Na 2 HPO 4 [pH 6.8], 5% SDS 0.5% bovine serum albumin, 1 mM EDTA), with a final 15-min wash in wash buffer II (0.1ϫ SSC, 0.1% SDS). Bound probe was detected by using a phosphor screen (Molecular Dynamics), and the signals were quantitated by using ImageQuant software (Molecular Dynamics). To determine the viral gene expression level, cells or mice were infected as described above, and the total RNA was harvested by using Tri-Reagent (Molecular Research Center, Inc., Cincinnati, Ohio) according to the manufacturer's protocol. Total cellular RNA (2 g) was used in each reverse transcription (RT) reaction. The labeled cDNA probe synthesis was prepared by using a Strip-EZ RT kit (Ambion, Austin, Tex.) with [␣-32 P]dATP (Perkin-Elmer). cDNA was separated from unincorporated nucleotides by using a G25 spin column. The labeled probe was denatured at 95°C. The prehybridization, hybridization, and wash steps were carried out as described above except at a temperature of 65°C. The signal was quantitated as described above.
Data processing. Local background for each array element was subtracted, and the mean phosphorimager (PI) signal from the two median spots was calculated, yielding one datum point for each viral gene. The PI units were expressed as a percentage of the average PI units of the housekeeping gene GAPDH. For the analysis of the temporal changes in gene expression patterns we controlled for differences in the amount of RNA by sorting datum points based on relative intensity and rank values assigned to each datum point. The ranked data set was then imported into the program Cluster (9) . The images were generated by deselecting the cluster gene and cluster array options in the Cluster program (2) . The results were visualized with the software TreeView (9) . The resistance to CHX and PAA treatment was quantitated by expressing GAPDH-normalized values from the treated array as a percentage of the GAPDH-normalized value in the untreated array. Changes in gene expression were quantified by using a paired t test on four replicate spots for each ORF in untreated samples versus those treated with CHX or PAA. The Spearman rank correlation coefficient was used to assess the relationship between the magnitude of genes expressed in cell culture and in the lung of infected mice at the peak of viral gene expression.
Dual luciferase assay. Two reporter plasmids were constructed by inserting two regions of the M3 promoter (1,200 and 600 bp upstream of the M3 TATA box) into the pGL3-Basic plasmid (Promega) containing the firefly luciferase coding sequence. The reporter plasmids were cotransfected into BHK-21, 293T, and NIH 3T3 cells with either pCMV-FLAG/RTA or pCMV-FLAG (Kodak). pRLSV40, which contains the coding sequence for Renilla luciferase under the control of a constitutively active human simian virus 40 (SV40) promoter, was included in each transfection and served as an internal control for transfection efficiency. At 24 h posttransfection, cell lysates were assayed for both firefly and Renilla luciferase activity. The dual luciferase reporter assay system (Promega) was used to test promoter activity. Fold activation was calculated by comparing the normalized firefly luciferase activity of pCMV-FLAG/RTA-transfected cells to that of pCMV-FLAG-transfected cells. Transfected BHK-21, 293T, and NIH 3T3 cells in a 12-well plate were washed with 1ϫ phosphate-buffered saline and incubated with 100 l of 1ϫ passive lysis buffer provided by the manufacturer. Lysates were frozen and thawed three times and then centrifuged at top speed in a microcentrifuge for 5 min. Supernatants were diluted to 1/100 to obtain a reading in a linear range and assayed by using an Optocomp I Luminometer (MGM Instruments, Hamden, Conn.). The assays were carried out according to the manufacturer's protocol for the dual luciferase reporter assay system (Promega).
RESULTS
MHV-68 membrane array.
To characterize the gene expression patterns of MHV-68, custom DNA arrays were constructed representing nearly all of the known and predicted MHV-68 ORFs (52) . PCR primers were designed based on published sequence data to amplify 83 regions of the viral genome representing 73 ORFs (Table 1) . Seven MHV-68 ORFs are not represented on the arrays. Six of these (M10a, M10b, M10c, M12, M13, and M14) fall partially or completely within the GϩC-rich 100-bp repeat or the GϩC-rich terminal repeat regions of the genome, and it is not clear whether these putative ORFs indeed encode proteins. In addition, the short sequence representing ORF 38 partially overlaps with ORF 37 and is in extremely close proximity to ORF 39, making it problematic to clone while avoiding the neighboring genes. Of the 73 remaining ORFs, 10 (ORFs 6, 8, 9, 25, 44, ORF 56, 64, 75a, 75b, and 75c) are relatively long sequences and are therefore represented by two array elements: one near the 5Ј end and one near the 3Ј end of the gene.
Cloned array elements were spotted onto nylon membranes in quadruplicate. As a hybridization control, the mouse GAPDH gene was also spotted in quadruplicate in each of the four corners of the arrays. To test for spotting consistency between the quadruplicate spots, arrays were probed with a 32 P-labeled common primer that was used to amplify the array elements. Quantitation of these signals showed the average variation between spots representing individual array elements to be Ϯ5%. To eliminate small variations introduced by spotting inconsistency, all calculations were performed with an average of the two median spot values for each array element. To test the specificity of the arrays, cDNA probe was generated from total RNA from uninfected BHK-21 cells and hybridized to the DNA arrays. cDNA probes generated from uninfected BHK-21 cells did not hybridize to any MHV-68 ORFs but did hybridize to the mouse GAPDH probe (data not shown).
MHV-68 gene expression during latency. In addition to establishing and maintaining latency, latent viral proteins of gammaherpesviruses may play important roles in cell immortaliza- VOL. 77, 2003 TRANSCRIPTION PROGRAM OF MHV-68 Continued on facing page tion and transformation (49) . Latent MHV-68 gene expression has previously been investigated by multiple groups (15, 41, 53) . These studies utilized techniques such as Northern blot analysis, in situ hybridization, and real-time PCR in an attempt to identify latently associated genes. We used DNA arrays to simultaneously and quantitatively assess the relative levels of viral gene expression across the entire genome in a MHV-68 latently infected cell line (S11E). S11 is a cell line derived from a B-cell lymphoma in an MHV-68-infected mouse (50) . The tightly latent S11E cell line was subcloned from S11 on the basis of a low spontaneous reactivation frequency (15) . cDNA probe was generated from poly(A)-selected RNA from S11E cells and hybridized to membrane arrays (Fig. 1A) . Consistent with previous reports, transcripts from M2, M11, ORF 73, and ORF 74 were detected in the latently infected cells (15, 53) . In addition to the candidate latency genes, we also detected expression of regions of ORFs 75a, 75b, and 75c. To quantitate the levels of expression of the individual transcripts relative to one another, the signals for the detectable array elements were normalized to the total signal on the array. The results are shown graphically (Fig. 1B) . The LANA homologue, ORF 73, was the most abundant transcript, being expressed ϳ26-fold above the average array PI units. LANA is a well-established latent gene of KSHV and is thought to play an important role during latent viral persistence (12, 13, 17) . These results confirm the expression of candidate latent genes (ORFs M2, M11, 73, and 74) and also identify potential new regions of the genome (ORFs 75a-5Ј, 75b-3Ј, and 75c-5Ј) that are transcriptionally active during latency. levels are represented in the matrix by a color scale based on numerical values quantitated from the DNA arrays, with increases in expression represented as graded shades of red. The genes were then sorted based on the overall abundance of each transcript over the course of the experiment and displayed in order of ascending abundance ( Fig. 2A ). There was an initial lag in detectable gene expression; however, by 8 hpi, expression from 100% of the array elements was detectable, including those corresponding to latency genes. Consistent with our current knowledge that herpesviruses express structural genes to high levels, 11 of the most abundant transcripts encode capsid proteins or glycoproteins. Of the 40 least-abundant transcripts, 12 encode proteins that function in nucleotide metabolism or DNA replication, a finding consistent with a lower level of expression of enzymes. All candidate latency genes (15, 53) were expressed during MHV-68 lytic replication in BHK-21 cells. Different viral genes reached peak expression levels at different time points. To determine whether the timing of expression was consistent with the function of each gene in the virus replication cycle, we grouped the genes based on the time at which peak expression is reached and then sorted the genes based on the relative abundance levels at the peak of expression (Fig. 2B) 19) peaked relatively early at 8 hpi and remained high. ORFs involved in DNA processing, although expressed early, also peaked later or continued to increase throughout the course of the infection. ORF 37 (alkaline exonuclease), ORF 62 (assembly protein), ORF 46 (uracil DNA glycosylase), and ORFs 29b, 67, and 68 (packaging proteins) all peaked in expression at 24 to 32 hpi, a finding consistent with their putative roles during the later phases of the replication process (35, 39) . These arrays have shown that immediate-early proteins and proteins involved in DNA replication reach peak levels of expression first, followed by structural proteins and finally packaging proteins, a finding consistent with a classical virus gene expression cascade.
Sensitivity of MHV-68 transcription to inhibition of protein synthesis during de novo infection. Herpesvirus immediateearly or alpha genes are defined as those that are expressed in the presence of CHX, a de novo protein synthesis inhibitor (35) . To identify immediate-early transcripts of MHV-68, BHK-21 cells were infected at 5 PFU/cell in the absence (Fig.  3A) or presence (Fig. 3B ) of CHX and RNA was harvested at 8 hpi for membrane array analysis. Expression levels from multiple regions of the genome were noticeably decreased compared to those from untreated cells. In the presence of CHX, the levels of classic early transcripts (ORFs 6, 9, 21, 40, 44, 56, 59, 60, and 61) and classic late transcripts (ORFs 8, 17, 22, 25, 26, 39, 43, 47, M7, and 65) were severely reduced or completely undetectable. In contrast, the expression level of the classic immediate-early transcript (ORF 50) was not affected by CHX treatment (Fig. 3B) (19, 55) . Nevertheless, transcription from 50 regions of the genome remained detectable above background levels, although limited, in the presence of CHX. Among the regions of the genome that were transcriptionally active in CHX, five encode glycoproteins (ORFs 22, 39, 47, M7, and 68), five encode tegument proteins (ORFs 64, 67, and 75a, 75b, and 75c), two encode capsid proteins (ORFs 62 and 65), two encode DNA packaging proteins (ORFs 29b and 37), and 18 have no currently recognized function. The maximal reduction was Ͼ100-fold for ORF 65 (M9), indicating that drug inhibition was functional. To verify that CHX was effective under these conditions, a similar experiment was carried out by using twice the amount of CHX and similar results were obtained (data not show).
To explore the notion that contamination from the viral inoculum contributed to the detection of 50 regions of the genome in the presence of CHX, we performed an additional experiment examining viral gene expression at earlier times postinfection. We infected BHK-21 cells at a multiplicity of infection of 5 and harvested RNA at 2 and 4 h postinfection for array analysis (data not shown). No viral transcripts were detectable at 2 hpi and only a few were detectable at 4 hpi. These results confirm that levels of viral RNA from the inoculum, if there is any, are below our detection limit and therefore could not have contributed to the observations in the CHX experiment.
To quantitate the levels of expression of the individual transcripts, we calculated the average of the PI counts for each array element with detectable levels above background. The PI units were normalized to the housekeeping gene GAPDH (Ta- Continued on facing page ble 2). We assessed the level of resistance of each transcript to CHX by expressing the GAPDH-normalized value from the treated cells as a fraction of the GAPDH-normalized value in the untreated cells. These data are shown graphically to compare each ORF's level of resistance to CHX (Fig. 3C) . The results showed that the previously described immediate-early gene ORF 50 (RTA) and those genes expressed during latency (ORFs M11, 73, and 74 and regions of 75a, 75b, and 75c) were weakly affected by CHX (Ͻ0.5 log). Moreover, a statistical analyses of the CHX data revealed that, although several regions of the genome were expressed to detectable levels in the presence of CHX, only two regions (ORFs 50 and 75a) were not affected by statistically significant amounts (P Ͼ 0.05).
Sensitivity of MHV-68 transcription to inhibition of DNA replication during de novo infection.
Herpesvirus early or beta genes are classified by the dependence of their expression on viral protein synthesis, and late or gamma genes are classified by the dependence of their expression on viral DNA replication. Therefore, inhibition of viral DNA synthesis with PAA, an inhibitor of viral DNA polymerase (29) , blocks the expression of late genes, allowing them to be distinguished from immediate-early and E transcripts. MHV-68 transcript levels were examined by DNA array analysis in the presence of PAA. BHK-21 cells were infected at 5 PFU/cell in the absence (Fig.  4A) and presence (Fig. 4B ) of PAA and total RNA was harvested at 24 h p.i. The expression of many genes was strongly inhibited by PAA. The levels of classic late transcripts (ORFs 25, 26, 39, 43, M7, 62, and 65) were severely reduced in the presence of PAA. In contrast, the expression levels of classic early transcripts (ORFs 6, 9, 54, and 59) were relatively unaffected by PAA treatment or detected at higher levels compared to the untreated array. Nevertheless, we observed that many MHV-68 ORFs were expressed to detectable levels by 24 hpi regardless of PAA treatment. To quantitate the levels of expression of the individual transcripts, we calculated the GAPDH-normalized value for each transcript ( Table 2) . We assessed the level of resistance of each transcript to PAA by expressing the GAPDH-normalized value from the treated cells as a fraction of the GAPDH-normalized value in the untreated cells. These data are shown graphically to compare each ORF's level of resistance to PAA (Fig. 4C) . We performed a statistical analysis of the PAA data and found that many of the ORFs expressed to detectable levels in the presence of PAA were reduced by statistically significant levels by PAA treatment.
The levels of some transcripts were significantly increased in the presence of PAA, suggesting their expression is negatively regulated by late gene expression. The most affected transcript was ORF 69 (unknown function) with a GAPDH-normalized value of Ͼ9-fold higher than the untreated signal. Other ORFs that exhibited increased transcript levels in the presence of PAA were ORF 47 (glycoprotein L), ORF 59 (processivity factor), ORF 72 (v-cyclin), M11 (vBCL-2), and ORFs 48, 18, and M4, encoding proteins of unknown function. Many transcript levels were unaffected by PAA treatment. Among the 20 transcripts least affected, six encode proteins involved in DNA replication or processing (ORFs 6, 9, 37, 46, 54, and 60), three encode structural proteins (ORFs 17, 22, and 68), and eight have unknown functions (ORFs 10, 34, 42, 49, and 69). Of the 30 transcripts whose expression levels are the most severely (Fig. 2B) , a finding consistent with their classification as late gene products. To verify that PAA was effective under these conditions, a similar experiment was carried out with twice the amount of PAA, and similar results were obtained (data not show).
MHV-68 gene expression during the natural course of infection in the lungs of mice.
To determine the expression level of MHV-68 transcripts in vivo, we infected BALB/c mice by intranasal infection with 5 ϫ 10 5 PFU. Total RNA was harvested from the lungs of two mice at 1, 3, 5, and 7 dpi. As was observed in cell culture, both latent and lytic transcripts were detected in the lungs during productive MHV-68 infection, a finding consistent with previous reports (34) . Array analysis showed that viral gene expression in the lung peaked at 5 dpi. These data are consistent with previous observations that in the lung of mice infected at 5 ϫ 10 5 PFU viral titers peak at 5 dpi (T. Wu, unpublished data). To compare the in vivo and in vitro gene expression patterns of MHV-68, the levels of each transcript during the peak of infection in the lungs were compared to those observed in infected BHK-21 cells. For both the tissue culture cell and infected lung arrays, 2 g of total RNA was used for the probe synthesis reactions. We quantitated the GAPDH-normalized units for each transcript and ranked them based on the relative abundance level ( Table 2 ). The transcripts most abundantly expressed in vitro are also abundantly expressed in vivo. Although there is a close match between the relative transcript levels in the lung and in cell culture at 32 hpi, the absolute viral transcript levels in the lung at the peak of viral gene expression were approximately two-to fivefold lower per microgram of total RNA. This may be due to the fact that the lung is composed of a heterogeneous population of cells, which will have various levels of susceptibility to MHV-68 infection and differentially support MHV-68 replication. To control for the relatively higher expression in culture, the signal for each array element was normalized to the total signal on the corresponding array. When the relative levels of gene expression between the two samples were compared, mRNA levels differed by Ͻ2-fold for 71 of the array elements (85%), and the largest difference was only 2.7-fold (Fig. 5A) . The relative levels of transcripts encoding capsid proteins (ORFs 43, 62, and 65), glycoproteins (M7 and ORF 68), and the DNA packaging protein ORF 29a were equal or comparable in the lung and in cell culture during the later stages of infection (32 h time points). Rank correlation analysis showed that the rel- ative expression of various MHV-68 gene products at 32 h after in vitro infection corresponded quite closely to those observed in the lungs of mice at 5 dpi (Spearman r ϭ 0.86, P Ͻ 0.0001) (Fig. 5B) . Similar results were observed when in vitro expression profiles at 24 hpi were compared to those observed in vivo (Spearman r ϭ 0.73, P Ͻ 0.0001) (data not shown). In general, the BHK-21 model appears to faithfully mirror viral gene expression during in vivo infection.
Viral gene expression of an MHV-68 recombinant virus that overexpresses RTA. Our MHV-68 DNA arrays are also being used to investigate changes in viral gene expression in recombinant viruses. A recombinant virus (C-RTA/MHV-68) has been generated that overexpresses the viral transcription activator RTA (Tammy Rickabaugh, unpublished data). C-RTA/ MHV-68 was constructed by inserting RTA under the CMV immediate-early promoter at the left end of the MHV-68 genome. BHK-21 cells were infected with C-RTA/MHV-68 or the parental virus, and RNA was harvested at 4, 8, and 12 hpi for array analysis. Cells infected with C-RTA/MHV-68 showed a marked enhancement of viral gene expression compared to the parental strain at all time points examined. GAPDH-normalized values from C-RTA/MHV-68 at 4 hpi were divided by the corresponding GAPDH-normalized values from the parental strain to derive the fold induction for each ORF (Fig. 6) . These analyses revealed that all of the MHV-68 array elements detectable by 4 h postinfection were upregulated in the C-RTA/MHV-68 infection, although to different degrees, with a fold induction ranging from 12-fold (ORF 59) to 1.3-fold (ORF 64). Among the most highly activated genes were the functionally early proteins encoded by ORF 59 (processivity factor) and ORF 61 (ribonucleotide reductase large), both expressed in the C-RTA virus at 12-fold-higher levels than in the parental virus. M3 (soluble chemokine-binding protein) is expressed in the C-RTA virus at 7-fold-higher levels than in the parental strain. By 8 hpi, Ͼ80% of the ORFs examined were expressed in the C-RTA virus at fivefold-higher levels than in the parental virus (data not shown). Among the five most highly upregulated ORFs, two encode capsid proteins ORF 65 and ORF 26 at 30-and 22-fold above levels in the parental strain, respectively, and three encode proteins of unknown function (ORFs 66, 45, and M8). At 12 hpi, Ͼ57% of the ORFs examined were expressed in the C-RTA virus at fivefold-higher levels than in the parental virus (data not shown).
It is reasonable to assume that the genes whose expression is increased the most compared to the parental strain may be direct targets of the RTA protein. Since M3 is highly upregulated in the C-RTA virus, we considered it a potential target of RTA. To examine whether the M3 promoter is responsive to RTA, we constructed two reporter plasmids by inserting two regions of the M3 promoter (1,200 and 600 bp upstream of the M3 TATA box) into the pGL3-Basic plasmid (Promega) containing the firefly luciferase coding sequence. The ORF 57 promoter (p57) was used as a positive control for RTA responsiveness. This viral promoter has been shown to be responsive to wild-type MHV-68 RTA (19) . In all three cell types tested, the M3 promoter constructs and p57 were responsive to RTA (Fig. 7) . However, both of the pM3 reporter constructs yielded significantly higher luciferase activity than p57 in the presence of RTA. The highest level of luciferase activity in the presence of RTA was obtained for pM3-2, which contains 600 bp of sequence upstream of the M3 TATA box. The pM3-2 promoter was fivefold stronger than the p57 promoter in 293T cells and 10-fold stronger in NIH 3T3 cells. These results indicate that a region within 600 bp upstream of the M3 TATA box contains a RTA responsive element and suggests that M3 expression is activated by RTA in the absence of other viral factors. These data therefore support our conclusion from the membrane array that M3 is regulated by RTA.
DISCUSSION
MHV-68 is a model for the investigation of gammaherpesvirus infection. There has been much progress in deciphering the gene expression program during reactivation of KSHV by using DNA arrays (16, 28) . However, the available KSHV lytic replication systems may not encompass all of the critical aspects of viral gene expression during de novo infection. MHV-68 elicits a productive infection both in cell culture and in its natural host, providing an ideal small-animal model for FIG. 6 . Gene expression profile of a recombinant MHV-68 overexpressing RTA compared to the parental strain. RNA was harvested from BHK-21 cells at 4 hpi with C-RTA/MHV-68 or the parental strain and labeled cDNA probe was generated for hybridization to MHV-68 membrane arrays. The GAPDH-normalized phosphorimager units for each array element from the recombinant virus array were compared to the corresponding value from the parental strain array. These data are shown graphically to compare each ORF's level of sensitivity to RTA overexpression. (53) . These reports, in addition to our own, suggest that there are similarities in the MHV-68 latencyassociated gene expression program in cell culture and in infected tissue. However, there is a lack of consensus as to whether the candidate latency-associated genes (ORFs M2, M11, 73, and 74) are also expressed during lytic replication (34, 53) . Our results indicate that the latency-associated genes are expressed during primary lytic infection of BALB/c mice (Table 2, lung 5d) and BHK-21 cells (Table 2) . Moreover, the expression of the candidate latency-associated genes is highly resistant to CHX (Fig. 3C ) treatment, suggesting that their transcription is primarily mediated by the existing transcription machinery. We therefore propose that latency may be the default gene expression program.
Previous studies have focused on candidate latency-associated genes based on sequence and positional homology with the latency genes of other gammaherpesviruses. However, the advantage of examining viral gene expression by array technology is the ability to assess gene expression across the entire genome. This benefit is evident based on our finding that a previously undetected region of the MHV-68 genome (ORF 75) is transcriptionally active during latency. Although there are no previous reports of ORF 75 expression during latency, this specific region of the MHV-68 genome may not have been analyzed thoroughly. The expression of ORF 75 in latently infected B cells was unambiguously detected in our membrane array (Fig. 1B) . The fact that we did not detect expression from any known lytic transcript such as ORF 65 (small capsid protein), which is highly expressed during lytic replication, suggests that our cell line is tightly latent and that the expression of ORF 75 is latency associated. Moreover, a region of KSHV containing the positional homologue ORF 75 may also be transcriptionally active during latency (37) .
In contrast to previous studies (15, 41, 53) , the expression of M3 and ORF 65 was not detected in the latently infected S11E B cells (Fig. 1B) . This may be due to tissue-and cell typespecific differences in MHV-68 gene expression in the individual latency models. However, the expression of latency-associated transcripts (ORFs M2, M11, 73, and 74) detected by membrane array analysis correlated well with data from previous studies. An alternative explanation is that the expression of M3 and ORF 65 during latency may actually represent lytic genes abundantly expressed by a small subset of reactivating cells. This idea is supported by our results showing that M3 and ORF 65 are consistently among the most highly expressed genes during the natural course of MHV-68 infection both in vivo and in vitro.
The gene products of many MHV-68 ORFs have been assigned putative functions based on sequence similarity to previously characterized herpes simplex virus (HSV) and KSHV genes. By using array technology, we have shown that most MHV-68 genes exhibit expression patterns that correlate with their presumed functions. Transcripts encoding proteins involved in DNA replication (ORFs 6, 9, 21, 54, 59, and 61) were expressed early during the course of infection (8 to 12 hpi) and were relatively resistant to PAA. In contrast, transcripts encoding virion structural proteins (ORFs 8, 25, 26, 39, 43, M7, 58, 63, 64, and 65) peaked later (12 to 24 hpi) and were sensitive to PAA. Transcripts encoding DNA packaging and virion assembly proteins (ORFs 29b, 62, and 67) were also sensitive to PAA and peaked after most structural genes (24 to 32 hpi).
Studies on HSV identified seven genes (UL 5, 8, 9, 29, 30, 42, and 52) required for viral origin-dependent DNA synthesis (26) . All seven genes are expressed in a manner consistent with early gene kinetics. Three of these gene products form a complex which functions as a helicase-primase (4). MHV-68 encodes functional homologues of at least six of these DNA replication proteins. Three of the six (ssDNAbp, DNA Pol, and the processivity factor) reached peak levels of expression early (8 to 12 hpi) and were relatively resistant to PAA treatment, a finding consistent with early gene kinetics. However, the expression of the other three genes encoding the components of the helicase-primase complex reached peak levels much later (24 to 32 hpi) and are relatively sensitive to PAA treatment, suggesting late expression kinetics. KSHV also encodes homologues of the three helicase-primase components (38) . Interestingly, the KSHV genes reach peak levels of expression at later times after reactivation than the other genes involved in DNA replication. This may indicate a previously undefined role for the helicase-primase complex during the later phases of the gammaherpesvirus life cycle.
Of the 73 ORFs represented on the DNA arrays, 10 (ORFs 6, 8, 9, 25, 44, 56, 64, 75a, 75b, and 75c) are relatively long sequences and were therefore represented by two array elements, one designed near the 5Ј end and one near the 3Ј end of the gene. Our rationale for representing these ORFs with two array elements was to control for the possibility of splicing events that may incorporate part but not the entire putative gene. In addition, representing these regions with two array elements allows the detection of previously undefined transcripts that read through part of the gene. In general, both 5Ј and 3Ј array elements detected each transcript with equal intensity. In some cases, the 3Ј array element detected the transcript at slightly higher levels, which is consistent with the higher efficiency of reverse transcriptase oligo(dT) priming close to the poly A site. Notable exceptions were the higher intensity of the 5Ј regions of ORFs 75a and 75c, a finding which is consistent with the possibility that this region of the genome may be alternatively spliced. The two array elements representing ORF 44 were also detected to different levels with the 5Ј region higher. This suggests that the 5Ј region of ORF 44 may encode a previously undefined gene.
While the expression of few viral genes was independent of de novo protein synthesis (RTA and latency-associated genes), there were a few early viral genes expressed to detectable levels in the presence of CHX. To verify that the drug was effective under these conditions, a similar experiment was carried out by using twice the amount of CHX, and similar results were obtained (data not show). The results suggest that the expression of some "early" genes is not absolutely dependent on immediate-early protein synthesis. One explanation for these results is that we are detecting basal transcription of viral ORFs from promoters containing sequences recognized by cellular transcription factors. Transcription in the presence of CHX may be possible owing to the abundance of cellular transcription machinery in the rapidly propagating BHK-21 cell line. Experiments by others using oligonucleotide-based microarrays of RNA from HSV-infected HeLa cells similarly detected low levels of early gene expression in the presence of CHX (45) .
The utility of the MHV-68 membrane arrays in examining the gene expression patterns of recombinant viruses was evident in the analysis of C-RTA/MHV-68 infections. Using this technique we were able to look at nearly all MHV-68 ORFs in one experiment. This analysis revealed that RTA not only activates early genes but has a strong effect on the entire MHV-68 transcription program. By 4 hpi all ORFs tested were expressed to higher levels in C-RTA/MHV-68 than in the parental strain. Among the four ORFs that showed the greatest increase three (ORFs 59, 61, and 37) encode functionally early proteins (processivity factor, ribonucleotide reductase large, and alkaline exonuclease) and are therefore likely to be RTA responsive. The fourth, M3, which encodes a soluble chemokine-binding protein, has not previously been described as RTA responsive. These findings emphasize the value of genome-wide screening in defining targets of regulatory proteins on herpesvirus gene expression. Here we have shown that the M3 promoter is activated by RTA in the absence of other viral proteins. Our results demonstrating that M3 is responsive to RTA suggest the possibility that other highly upregulated ORFs identified in our array analysis are activated by RTA.
Although DNA arrays have proven invaluable in examining global gene expression patterns in organisms ranging from viruses to humans, it is recognized that the approach has some inherent technical limitations. One example of these limitations is that herpesviruses have a general underrepresentation of polyadenylation signal sequences that is likely to yield structurally polycistronic messages. The potential for misinterpretation of data has been reduced by examining the change in transcript levels over time or upon drug treatment rather than the absolute level of transcripts. Moreover, because the MHV-68 DNA array was spotted with PCR-amplified DNA and therefore double stranded, we cannot definitively identify the detected transcript as that labeled on the array. Because each array element is double stranded, transcripts encoded in either direction that pass through that region of the genome will hybridize to the array element. This problem is potentially avoided by using oligonucleotide-based DNA arrays However, cDNA arrays offer higher sensitivity then single-stranded oligonucleotide arrays. As is the case for all DNA array analyses, the information presented here provides a starting point for further detailed analyses of individual genes.
The membrane arrays described here make it possible to simultaneously study the expression of almost every MHV-68 ORF in a single experiment. With this powerful tool, we have assessed the transcription profile of genes with known or putative functions, as well as genes that have no currently recognized function. These data will provide a foundation for future work examining genes of both known and unknown functions. In addition, the MHV-68 DNA arrays have the potential to aid other types of analyses. The membrane arrays will facilitate the characterization of recombinant MHV-68 gene expression and assessment of the effect of mutations on the expression of other viral genes. In addition, the MHV-68 membrane arrays can be used to examine the effects of drugs on viral replication and gene expression and may therefore facilitate the identification of new antigammaherpesvirus drugs.
